Introduction

Materials and M81hods
Four Hereford steers (1978) and 24 Herethermometty technique. (Key Words: Tall Fescue, Fescue Foot, Forage Fractionation, Organic Acids, The crippling and debilitation associated with fescue foot continue to be hazards to cattle grazing tall fescue herbage in the late fall-winter period. Recent reviews by Garner and Cornell (1978) and Bush et aI. (1979) futther describe this syndrome.
jacobson et aI. (1963) , who initially extracted toxic fescue hay with 80% ethanol and assayed the extracts by intraruminal administration in cattle, reported the toxin to be in the aqueous, nonalkaloidal fraction. Williams et aI. (1975) separated the crude 80% ethanolic extract by ion exchange chroma-· tography and found that the anion fraction produced clinical signs of fescue foot when tested in a bovine intraperitoneal (ip) assay.
Lack of an adequate small animal assay still hampers progress in the identification of the causative factor(s) in toxic tall fescue, but development of a videothermometry technique (Yates et aI., 1979) for measuring skin temperature in the area of the coronary band has greatly improved objectivity of the bovine ip assay.
Several acidic components of the fescue fractions have been identified by gas chromatography -mass spectrometty (GC -MS, Williams, 1976) . The purpose of the present experiments was to derme further the chemical nature of the toxicant(s) in the anion fraction of toxic tall fescue herbage, and, by means of the bovine ip assay and videothermometty, to determine toxicity of addirional subfracclons and synthetic mixtures containing comp ounds found in these toxic subfractions.
Summary
The specific compound(s) that produces fescue foot in cattle grazing tall fescue (Festuca arundinacea Schreb.) remains unidentified. This study futther defines the chemical nature of the toxicant(s) within the anion fraction of an 80% ethanolic extract of toxic tall fescue. By combining the bovine inttaperitoneal (ip) assay with videothermometry and ion exchange chromatography, and gas chromatography with mass spectrometry, we identified and tested the following compounds in the toxic fraction: lactic, glycolic, succinic, glyceric, quinic, shikimic, pyroglutamic, pipecolic and malic acids, along with 3-deoxyribo-hexono-1,4-lactone. While some symptomatology of fescue foot was noted, e.g., reddening of the coronaty band area when mixtures of organic acids were injected, there was neicher a decrease in coronary band temperature nor the appearance of lameness. Although goats exhibited none of the more significant clinical signs of fescue foot, they did show a skin temperature response to fractions that had previously reduced coronary band temperature values in cattle. Goats may be a suitable assay animal for testing forage extracts via the ip injection~videoĨ .ford heifers (1979 to 19BO) weighing between 145 and 233 kg were haltered and acclimated to stanchions and handling for 30 d prior to injection of extracts. All were housed in an unheated bam and fed alfalfa wafers (minimum 13% protein) or bromegrass hay plus alfalfa wafers (1979) ad libitum during the experiment. Intraperitoneal catheter insertion, 5 to 14 d before injection of extracts, was accomplished by use of a tranquilizer and appropriate local anesthesia. After clipping and disinfection, a. 2 -em skin incision was made approximately in the center of the right para lumbar fossa. Perforation of the body wall by blunt dissection then allowed 30 em of a 45-cm length of 3-mm od silicone rubber tubing' ro be inserted into the peritoneal cavity. The exterior tubing was fitted with a needle hub and secured to the hide with two sutures around a gum rubber sleeve. The capped hub and exposed tubing were inserted into a plastic tobacco pouch sutured at its four comers to the hide. Oxytetracycline (11 mglkg) was administered im for 3 d following catheterization. If rectal remperature remained elevated above normal, treaanent was changed.
Six female Angora goats weighing between 2B and 34 kg were maintained in steel metabolism crates. Orher conditions and handling were similar to those described above.
Daily protocol for animals during each trial was as follows, OBOO h -examination for lameness, OB45 h -placed in stanchion and fed, 0930 h -determination of rectal temperarure, 1000 to 1200 h -administration of test solutions, 1300 to 1600 h -examination for visible lesions and measurement of skin temperature at and near the coronary band by videothermometty, and 2200 hplaced in outside pen with access to water. When ambient temperature at 2200 h exceeded -9.4 C, the concrete floor of the outside pen was covered with 10 to 15 em of crushed ice to simulate winter conditions ' Yates et aI. (1979) . Hay placed in a 2,BBO-Iiter vat was covered with 2,112 liters of BO% aqueous ethanol and stirred for 24 h. The extract was removed by gravity flow. This procedure was repeated, and the combined extracts were diluted with distilled water to 50% ethanol. Twelve to 15 kg of cation exchange resin" (H+), previously washed with distilled water and 50% ethanol, were added ro the combined extracts at 20-min intervals for 40 min, reducing the pH to about 2.5. After overnight stirring, cation exchange resin and extraneous lipids were allowed to settle before the supernatant was fUtered 7 • InitiallY, the resultant clear, acidic solution was passed through a column of distilled water and 50% ethanol-waabed anion exchange resin" (OH-) that retained both the toxic component(s) and large amounts of plant sugars. In later stUdies, a column of anion exchange resin (formate) obtained by treatment of the (OH-) resin with 6 N formic acid was used. Formate resin retained the toxic component(s) but allowed sugars to pass .through more freely. Both types of columns were washed with a small quantity of 50% ethanol and with distilled water until repeated Molisch tests indicated that the sugars present had been flushed through. The (OH-) resin was then drained and repacked for formic acid elution. Formate resin was eluted without repacking.
Total anion fraction was obtained by elution of the entire charged anion (OH-) resin with 1 N aqueous formic acid. Fraction A was prepared by elution of the entire charged anion (formate) resin with .05 N formic acid in 50% ethanol. Fraction B was then obtained by sequential elution of the same anion (formate) resin with 1 N aqueous formic acid.
The designation "bottom" anion refers to a phenomenon in which a parrially charged anion (OH-) resin column loaded with fescue extract appears yellow on top and black on the bottom, permirting a physical separation (Williams et aI., 1975) . The top yellow resin is believed to be saturated with organic acids.
while the black bottom contains some organic acids and a considerable amount of Sugars held on the resin by a nanionic mechanism. After physical separation of the resins, the black bottom pottion was eluted witb 6 N aqueous formic acid for preparation of tbe 6 N bottom anion fraction. Studies have shown tbat bottom anions can be eluted by less concentrated solutions of formic acid; therefore, 1 N aqueous formic acid was used in tbe preparation of tbe 1 N bottom anion fraction.
To reduce the volume and remove formic acid, water and ethanol, eluates were conc entrated under vacuum. They were tben reconstituted witb distilled water, adjusted witb NaOH to pH 7.4 and cold -sterilized by passage tbrough a .22 -micron fUter 9 • Portions of this solution containing the anticipated daily dosages were poured into sterile bottles and diluted witb sterile isotonic saline or distilled water to a tOtal volume of 1 liter. If possible, dosages were diluted to be isotonic. Solutions were tben frozen until used.
The injection dose was' designed to be equivalent to 1.36 kg hay on d 1 and 2, 2.28 kg hay on d 3 and 4, 3.63 kg hay on d 5, 6 and 7 and 4.54 kg hay on d 8 tbrough 12 of tbe trial.
Synthetic Test Solutions. A syntbetic test solution, containing two times (2x) tbe concentration determined by GC in a known toxic anion fraction, was prepared by addition of tbe following organic acids to about 700 mi distilled water, succinic, .3 g; shikimic and quinic, .8 g; lactic, glycolic and glyceric, 1.0 g and malic, 17.1 g. Aftet adjusting pH to 7.4 witb 10% NaOH and cold -sterilizing, solutions were poured into sterile bottles, diluted to 1 liter witb sterile distilled water and frozen until used. This liter was equivalent to 4.54 kg hay. A syntbetic 6x acids solution was prepared from tbe materials listed above at tbree times the listed concentrations. To test the effect of pyroglutamic or pipecolic acid, 2.4 g of the appropriate acid was added to tbe 2x solution above.
Synthetic fraction A was prepared by dissolving .3 g malic acid, . .9 g quinic acid and 1.2 g pyrogluramic acid in about 700 mI distilled water. After adjusting pH to 7.4 with 10% NaOH and coldsterilizing, solutions were poured into sterile bottles, diluted to 1 liter and frozen until used.
Enough 3 -deoxytibo -hexono -I, 4 -lactone fat a 9-d injection trial was prepared by tbe procedure of Wood and Fletcher (1961) , whereby as-g bateb of 2 -deoxyribose was reacted witb basic sodium cyanide. Analysis of tbe resultant syrup, after cation removal by cation (H+) exchange resin and concentration under vacuum, showed that more tban 80% of tbe dry mattet was tbe desired product. The remainder was tbe isomer 3-deoxyarabino-hexonic acid. Dosage rate was based on tbe .1% level found in Ky-31 tall fescue hay, corrected for an 80% yield. Solutions were adjusted to pH 7.4 and cold -sterilized before tbe appropriate dosage was poured into sterile bottles, diluted to 1 liter and frozen.
Trimethylsilyl (TMS) Derivatives. A 10-m! aliquot of an anion fraction or a syntbetic mixture was adjusted to pH 2.0 witb 2 N HCI and evaporated to a constant weight at 40 C. For removal of the last trace of water t tbe oil was redissolved in 10 ml of redistilled pyridine and again evaporated to dryness; this procedure was repeated. Finally, tbe oil was dissolved in pyridine (1 ml/l00 mg oil), and metbyl arachidate was added as internal standard (1 mg/25 mg oil). Solutions prepared for the bovine ip assay had previously been adjusted to pH 7.4 with NaOH. Acidification of these solutions produced NaCl, which did not dissolve in pyridine. Twenty-five microliters of eaeb sample dissolved in pyridine were mixed witb 50 III of RegisiL' 0 and heated in a .5 -dram, capped vial at 70 C for 5 min. The resulting TMS derivatives were made fresh for eaeb analysis.
Gas Chromatography-Mass Spectrometry. Samples were subjected to GC-MS analysis as trimetbylsilyl derivatives. Eitber a DuPont CEC 491-2" or Kutos MS-30 mass spectrometer} 2 was used. Electron impact spectra (70 eV) were obtained by repeated scans every 7 s under computer control. In the GC, 1.8 m x 2 mm id glass columns packed witb either 3% OV -lor 3% SE·52 were temperature-programmed from 50 to 250 C at 4 C/min. The column eluant was split (about 10/90) to the mass spectrometer and gas designed chute that positioned the 'rear foot in line with, and perpendicular to, the infrared camera 13 axis, a picture 14 was taken of the chromatograph flame ionization detector (FlD). Helium was the carrier gas, and the GC was coupled to the MS via a single-stage iet separator held at 250 C. Reconstructed ion chromatograms were then compated with the FlD response. To help establish the iden· tity of eluting components, authentic standards of the tentatively identified components were analyzed by GC·MS whenever possible. Videotbermometry and VisualObservations. Use of videothermomerry in assays for fescue foor of cattle was described by Yates et al. (1979) . Prior preparation of calves consisted of clipping of the hair on the pelvic limbs to expose the coronary band tegion. Before daily examination, the foot was washed with. lukewarm water to remove extraneous debris and dried gendy with a cloth. A visual evaluation of the area of the coronary band was made, and any changes such as reddening, swelling, darkening or foonation of erosions were noted. With the animal in a specially 3. outside digits on the right and left feet (1978) or of the outside digit of the left foot (1979 to 1980) . The weighted average coronaty band temperature (WACBT) was calculated by the method of Yates et aI. (1979) . The tail tip was also visually inspected each day for signs of erythema and necrosis. Goats were similarly prepared and examined. However, no visual observations for tail tip involvement were made.
Results and Oiscussion
In a previous report, Yates et aI. (1979) introduced videothecrnometry for the study of fescue foot and provided further proof that the toxin is contained in the bortom anion fraction of two new tall fescue varieties (Kenhy and Mo-96), as well as Ky-31. A top anion fraction from Mo-96 produced WACBT values significantly lower than those for calves given isotonic saline, suggesting that toxin partitioning into the bottom anion fraction was incomplete. As a result of fmding physiological activiry in both top and bottom GC·MS analysis of the top anion fraction from Mo·96 (1978) identified six major acid constituents, in the following proportions (mglliter), succinic, 1.0; glyceric, 1.3; shikimic and quinic, 2.7; glycolic, 3.3 and malic, 54.0. These same acids are major constituents of bottom anion fractions. When administered to calves at 2x and 6x the concentrations in the top anion fraction, synthetic mixtures of these acids did not lower WACBT values, but did produce other sigus of fescue foor (table 1, flgure 1). Temperatures recorded in this experiment covered a broader range than encountered previously , but, overall, they duplicated the sharp initial drop and gradual recovery observed earlier in a saline -rreated control calf and several experimental animals. These results indicated that the acids had little detrimental effect on foot circulation and that lactic acid, tested earlier by Williams (1976) , was not a synergist for the other acids. It should be pointed out, however, that reddening of the coronary band was observed more frequently with the 2x acids than with any other treatment, except the total anion fraction from Ky·31. The two clinical signs of fescue foot (i.e., reduced foot temperature and coronary band reddening) could rhus be due to different components in the toxic grass.
Truly effective preparations depress WACBT values markedly and sustain a depressed tern· perature throughout treaonent, as illustrated in figure 2, 
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• identified by GC-MS, were present in the following weight ratio: galactose and glycolic acid, 1.0; lactic acid, 1.1; succinic acid, 1.7; malic acid, 4.1; xylose, 4.3; shikimic acid, 5.6; quinic acid, 10.3 and pyrogluramic acid, 14.8. The effect of injection of synthetic mixtures of these organic acids is shown in table 2 and figure 3. Note the addition of pyroglutamic acid, which was identified in fraction A. It had previously been masked in our GC analysis by malic acid. Pipecolic acid was detected by GC-MS, but could not be measured accurately under our conditions of analysis. It was not included in synthetic fraction A, but was tested separately in combination with rhe 2x organic acids fraction at the same level as pyroglutamic acid. Again, there was no effect of organic acids when compared to isotonic saline. The bottom anion fraction (table 2) was extracted from a hay less toxic than in previous years. This was reflected in the WACBT, which was only slightly lower than that of the saline-treated control.
Likewise, 3-deoxyribo-hexono-1,4-!actone, a rather unusual compound found in toxic extracts, produced little or no clinical signs and no change in WACBT (table 3) . Calves in rhis experiment showed· good appetite. The only observable effect was some tail necrosis and a watery stool with abnormal odor.
Goats were also injected with toxic fescue extracts in our continuing search for a less expensive and more manageable assay animal. Although they exhibited none of the more significant clinical signs ( 
